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We determined the structures of long (L)-wavelength-sensitive and middle (M)-wavelength-sensitive opsin gene array of 58
male chimpanzees and we investigated relative sensitivity to red and green lights by electroretinogram ﬂicker photometry. One
subject had protanomalous color vision, while others had normal color vision. Unlike in humans, a polymorphic diﬀerence in
the copy number of the genes and a polymorphic base substitution at amino acid position 180 were not frequently observed
in chimpanzees.
 2004 Elsevier Ltd. All rights reserved.
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The trichromatic color vision of Old World primates
is mediated by short (S)-, middle (M)-, and long (L)-
wavelength-sensitive opsins (Nathans, 1999; Tovee´,
1994). The human L and M genes are highly homolo-0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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E-mail address: koike@tmin.ac.jp (S. Koike).gous to each other and located on the X chromosome
aligned in a head-to-tail array in the 5 0 to 3 0 direction
(Feil, Aubourg, Heilig, & Mandel, 1990; Nathans,
1999; Nathans, Thomas, & Hogness, 1986; Vollrath,
Nathans, & Davis, 1988). The genotype consisting of
a single L gene followed by a single M gene is deﬁned
as prototype. However, structural diversity such as the
deletion or duplication of the gene and production of
hybrid genes, probably caused by genetic recombina-
tion, is frequently observed in the human population
(Nathans, 1999). Dichromacy occurs when either the
L or M gene is deleted. Anomalous trichromacy occurs
1226 K. Terao et al. / Vision Research 45 (2005) 1225–1235when the normal L pigment and a hybrid pigment,
whose absorption spectrum is very similar to that of
the L pigment (L-like pigment), or the normal M and
an M-like pigment are expressed in the retina. Color vi-
sion-deﬁcient males comprise 8%, 4%, and 3% of Cau-
casian, Asian and African populations, respectively
(Pokorny, Smith, & Verriest, 1979; Sharpe, Stockman,
Ja¨gle, & Nathans, 1999). Moreover, 46–66% of males
have a gene array consisting of one L gene followed
by more than one M gene (Deeb, Alvarez, Malkki, &
Motulsky, 1995; Drummond-Borg, Deeb, & Motulsky,
1989; Hayashi, Ueyama, Tanabe, Yamade, &Kani, 2001;
Jørgensen, Deeb, & Motulsky, 1990). They have normal
color vision since the ﬁrst two genes located at the 5 0-
terminal in the array are expressed in the retina (Hayashi,
Motulsky, &Deeb, 1999;Winderickx, Battisti, Motulsky,
& Deeb, 1992; Yamaguchi, Motulsky, & Deeb, 1997).
Polymorphic nucleotide substitutions with or without
the spectral shift of the pigment are also observed
(Nathans, 1999; Winderickx et al., 1992).
The basic design of L and M gene loci of nonhuman
Old World primates is similar to that of humans (Dulai,
Bowmaker, Mollon, & Hunt, 1994; Onishi et al., 2002).
However, the color vision deﬁciency and the variations
of the L and M gene loci in nonhuman Old World pri-
mates appear to be rare (Jacobs & Williams, 2001; Oni-
shi et al., 1999, 2002). We previously reported that the
frequency of dichromats in crab-eating monkeys was
0.47%. In addition, only 5% of them had gene arrays
with multiple M genes (Onishi et al., 2002). As to chim-
panzees, 19 male and 15 female, to our knowledge, have
been tested for their color vision by behavioral and elec-
trophysiological methods. However, all of them had
normal color vision (Essock, 1977; Grether, 1940a,
1940b; Jacobs, Deegan, & Moran, 1996; Matsuzawa,
1985; Yerkes, 1935; Yerkes & Petrunkivitsch, 1925).
Therefore, it is not clear whether the wide variation of
the L and M gene loci in humans is common among
the Old World primates. The polymorphism of genes
among humans closest relatives, the chimpanzees, re-
mains to be elucidated.
To investigate genetic variations, such as the diﬀer-
ence in the copy number of the genes, presence of hy-
brid genes, base substitutions, and alignment order of
the genes in the array, we performed a systematic anal-
ysis based on PCR methods. In this study, we analyzed
58 chimpanzee males and found, for the ﬁrst time, that
one subject had a genotype identical to that of prota-
nomaly in humans, and we conﬁrmed the low sensitiv-
ity to long wavelength light of this subject by
electroretinogram ﬂicker photometry. Other subjects
had gene arrays of normal color vision. No polymor-
phic base substitutions were observed. These results
suggest that the genetic variations in L and M gene loci
occurred independently in each lineage of Old World
primates.2. Materials and methods
2.1. Subjects
Genomic DNAs of 58 male Common chimpanzee
(Pan troglodytes) (43 from Sanwa Kagaku Kenkyusho
Kumamoto Primate Park, 7 from Tama Zoo, 3 from
Primate Research Institute, 2 from Tokyo University,
2 from Izu Shaboten Park, and 1 from Japan Monkey
Center) were used for this analysis (Table 1). Most of
them were Pan troglodytes verus, some of them were hy-
brid of Pan troglodytes verus, Pan troglodytes troglo-
dytes, and Pan troglodytes schweinfurthii. Of the 43
chimpanzees from Kumamoto Primate Park, 21 were
captured in Africa and imported into Japan. The other
22 subjects were born at the Kumamoto Primate Park
from females of wild origin. Among the oﬀspring, there
are 6 pairs of uterine brothers. Of the subjects from the
Tama Zoo, a family consisting of one subject, his son,
his grandson and one possible grandson is included.
2.2. Size analysis for simple sequence length
polymorphisms (PCR-SSLP)
The primers for ﬁve microsatellite loci, DXS8069
(5 0-FAM-AAC AGT CAT TGT AGG CAT CG-3 0,
5 0-GAA TTG CCA GTC ATC CC-3 0), DXS8103 (5 0-
TET-CGT TGC TTG GGA TGG A-3 0, 5 0-AGC CCT
GGG GTA CAC A-3 0), DXS8061 (5 0-TET-GGC
TGA CTC CAG AGG C-3 0, 5 0-CCG AGT TAT TAC
AAA GAA GCA C-3 0), DXS1073 (5 0-HEX-GCT
TGA AGT GTC CAT GAG GTA TC-3 0, 5 0-AGA
AGC TGA TGT GCT CCC T-3 0), and DXS8087 (5 0-
HEX-GGA GTC CCT GAG GCA G-3 0, 5 0-AAG
GCC AGC AGC ATC A-3 0) that located in Xq28 of
the human chromosome were purchased from Research
Genetics/Invitrogen and used for microsatellite locus
polymorphism analyses of chimpanzee genomic DNA.
The markers were located within 0.4–3.6 megabases
(Mb) of the L and M genes on the human chromosome.
Approximately 100 ng of genomic DNA was ampliﬁed
in a total volume of 15ll with ﬁnal concentrations of
1X Gold buﬀer II, 1.5mM MgCl2, 200lM dNTPs,
0.25lM of each primer, and 0.1 units of AmpliTaq Gold
polymerase (Applied Biosystems). Reactions were car-
ried out in a GeneAmp 9700 thermal cycler with a
PCR proﬁle of one cycle at 95 C for 10min, and 40
cycles of 94 C for 30s, 55 C for 40s, and 72 C for
60s with ﬁnal extension at 72 C for 7min. PCR prod-
ucts were loaded on 4% agarose gels (3% NuSieve aga-
rose and 1% agarose), and then the products with
diﬀerent dyes were pooled and separated on an ABI
PRISM 377-96 DNA sequencer using GeneScan 350
TAMRA Size Standard (Applied Biosystems, Foster
City, CA.) in every lane. Analysis was carried out
with GeneScan version 3.1 and Genotyper version 2.1
Table 1
The list of the subjects. ID numbers, subspecies, origin, and relationship of the subjects are shown. The result of the size analysis for simple length
polymorphism (PCR-SSLP) for ﬁve microsatellite loci is shown. Haplotypes categorized by these ﬁve loci and L and M opsin loci are shown
ID No. Subspecies Origin
of the
samples
Relationship Size of PCR products (bp) L and M
loci
genotype
Haplo-
type
DXS8069 DXS8103 DXS1073 DXS8087 DXS8061
1 1288 Va Sb Captive 153 221 232 271 167 L–Mc 1
2 954 V S Captive 153 221 232 271 167 L–M 1
3 949 V S Captive 153 221 232 271 167 L–M 1
4 957 V S Captive 153 221 232 271 167 L–M 1
5 948 V S Captive 153 223 222 267 167 L/M–Md 2
6 952 V S Captive 153 223 224 271 167 L–M 3
7 951 V S Captive 153 223 226 271 167 L–M 4
8 965 V S Captive 155 221 232 267 167 L–M 5
9 960 V S Captive 155 225 232 267 167 L–M 6
10 990 V S Captive 157 219 232 271 167 L–M 7
11 956 V S Captive 157 221 224 271 167 L–M 8
12 950 V S Captive 157 221 228 267 167 L–M 9
13 959 V S Captive 157 223 226 267 167 L–M 10
14 964 V S Captive 157 223 226 271 167 L–M 11
15 955 V S Captive 157 223 232 267 167 L–M 12
16 953 V S Captive 157 223 232 267 167 L–M 12
17 962 V S Captive 157 225 228 271 167 L–M 13
18 961 V S Captive 159 221 232 267 167 L–M 14
19 594 ? S Captive 157 219 228 267 167 L–M 15
20 598 ? S Captive 159 221 234 267 167 L–M 16
21 1287 ? (V) S Captive 157 219 226 271 167 L–M 17
22 972 V S Brother of
1090
151 227 226 267 167 L–M 18
23 1090 V S Brother of
972
151 227 226 267 167 L–M 18
24 976 V S Brother of
979
153 221 228 271 167 L–M 19
25 977 V S Brother of
1098
153 223 226 267 167 L–M–M/Le 20
26 1098 V S Brother of
977
153 223 226 267 167 L–M–M/L 20
27 969 V S 153 223 226 271 167 L–M 4
28 986 V S Brother of
1130
153 223 230 271 167 L–M 21
29 1131 V S 153 223 232 267 167 L–M 22
30 984 V S 153 223 232 271 167 L–M 23
31 971 V S 153 223 232 271 167 L–M–Mf 24
32 1083 V S 153 223 234 271 167 L–M 25
33 1082 V S 153 225 228 271 167 L–M 26
34 979 V S Brother of
976
153 225 230 271 167 L–M 27
35 1087 V S 155 221 236 267 167 L–M 28
36 1095 V S Brother of
974
155 223 226 267 167 L–M 29
37 1096 V S 155 223 230 267 167 L–M 30
38 982 V S 155 225 232 267 167 L–M 6
39 1078 V S Brother of
981
157 225 224 271 167 L–M 31
40 981 V S Brother of
1078
157 225 224 271 167 L–M 31
41 974 V S Brother of
1095
159 221 232 267 167 L–M 14
42 1130 V S Brother of
986
159 225 224 271 167 L–M 32
43 1132 Hg (V/Sh) S 153 211 228 275 167 L–M 33
44 1376 V Tai Grandfather
of 1382
153 225 226 271 167 L–M 34
45 1385 V Ta 157 221 226 267 167 L–M–M/L 35
46 1390 H (Tj/S) Ta 151 221 238 275 172 L–M 36
(continued on next page)
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Table 1 (continued)
ID No. Subspecies Origin
of the
samples
Relationship Size of PCR products (bp) L and M
loci
genotype
Haplo-
type
DXS8069 DXS8103 DXS1073 DXS8087 DXS8061
47 1377 H (T/S) Ta 153 211 230 275 167 L–M 37
48 1382 H (T/S/V) Ta Grandson of 1376 153 225 226 271 167 L–M 34
49 1384 H (T/S/V) Ta 159 225 224 271 167 L–M 32
50 1392 H (V/T) Ta 153 217 228 275 167 L–M 38
51 2216 V Pk 153 223 228 267 167 L–M 39
52 1103 V P 157 219 230 267 167 L–M 40
53 1104 ? P 153 221 224 267 167 L–M 41
54 592 ? Tol 153 221 226 267 167 L–M 42
55 591 ? To 157 223 232 271 167 L–M 43
56 1947 ? Im 153 217 228 275 167 L–M 38
57 1946 ? I 153 217 232 275 167 L–M 44
58 2423 ? Mn 155 225 232 271 167 L–M 45
a Pan troglodytes verus.
b Sanwa Kagaku Kenkyusho Kumamoto Primate Park.
c One L and one M gene.
d One hybrid gene of L/M and one M gene.
e One L, one M and one hybrid gene of M/L.
f One L and two M genes.
g Hybrid.
h Pan troglodytes Schweinfurthii.
i Tama Zoo.
j Pan troglodytes troglodytes.
k Primate Research Institute.
l Tokyo University.
m Izu Shaboten Park.
n Japan Monkey Center.
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PCR fragment was estimated by comparing with the size
standard and using the Genotyper version 2.1 software.
2.3. Polymerase chain reaction-single-strand
conformation polymorphism (PCR-SSCP) analysis
PCR-SSCP analysis was performed as previously de-
scribed (Hayashi et al., 2001; Winderickx, Battisti, et al.,
1992; Yamaguchi et al., 1997). A 157-bp 5 0-ﬂanking re-
gion, a 112-bp exon 3 region, and a 171-bp exon 5 region
of the L and M genes were ampliﬁed with primer pairs,
PR4 (5 0-GGG CTC GCC TCA GGA GCA-3 0) and PR5
(5 0-ACC TGA GGG TCA CGG CGC TT-3 0), ex3F4
(5 0-TGC AAG CCC TTT GGC AA-3 0) and ex3R4
(5 0-TGC TCC AAC CAA AGA TGG GC-3 0), and
ex5F (5 0-AAG GCA GAG AAG GAA GTG AC-3 0)
and ex5R (5 0-GTA GAT AGT GGC ACT TTT GGC-
3 0), respectively. One of the primer pairs was radiola-
beled with 32P at its 5 0 end. The PCR products were
denatured and applied on a 5% polyacrylamide gel with
(the 5 0-ﬂanking and exon 3 fragments) or without (the
exon 5 fragment) 5% glycerol. The intensities of DNA
fragments were measured using the BAS 2000 image
analyzer (Fuji ﬁlm). Puriﬁed L and M DNA clones
mixed at known ratios (from 2:1 to 1:4) were used as
templates to construct a standardization curve. These
procedures were repeated 3–7 times.2.4. Detection of hybrid genes
To detect hybrids of L and M genes, we performed
gene-speciﬁc PCR as described previously (Deeb et al.,
1992; Neitz, Neitz, & Grishok, 1995; Onishi et al.,
2002). To amplify across the intron 3, ex3LF (5 0-ATT
GCC TTC TCC TGG ATC TGG T-3 0), ex3MF (5 0-
ATT GTC TTC TCC TGG GTC TGG G-3 0), ex4LR
(5 0-GGT AGC AGA GCA CGA TGA TAG C-3 0)
and ex4MR (5 0-GGT AGC AGA GCA CGA TGA
TGC T-3 0) were used as primers, and across the intron
4, ex4LF (5 0-TGC TGC ATC ATC CCA CTC
GC-3 0), ex4MF (5 0-TGC TGC ATC ACC CCA CTC
AG-3 0), ex5LR (5 0-GCA GAC GCA GTA CGC AAA
GAT-3 0), ex5MR (5 0-GCA GAA GCA GAA TGC
CAG GAC-3 0) were used.
2.5. Long-range PCR analysis
We ampliﬁed the 5 0-terminal and 3 0-terminal opsin
genes by long-range PCR (Hayashi et al., 1999; Kainz,
Neitz, & Neitz, 1998; Neitz, Neitz, & Kainz, 1996). A
15.9-kb region, including the locus control region
(LCR) (Wang et al., 1992) to the exon 5 of the 5 0-termi-
nal gene, was ampliﬁed using primers FL (5 0-GAC TTG
ATC TTC TGT TAGCCC TAA TCA TCAATTAGC-
3 0) and ex5R (5 0-GTA GAT AGT GGC ACT TTT
GGC-3 0). A 27.4-kb region, including exons 5 and 6 of
K. Terao et al. / Vision Research 45 (2005) 1225–1235 1229the 3 0-terminal gene, was ampliﬁed using primer 3C (5 0-
GTGGCAAAGCAGCAGAAAGAG-3 0) and primer
157 (5 0-TAG CCC CCA TGT CGG TCT CAG AGA
ACC TTC TC-3 0). The exon 3, 4 and 5 regions were
ampliﬁed by nested PCR using the primers ex3F2 (5 0-
GTC TCT GGT CTC TGG CCA TCA-3 0), ex3R2 (5 0-
CTG CTC CAA CCA AAG ATG GGC-3 0), ex4F2
(5 0-AAG ACT TCA TGC GGC CCA GA-3 0), ex4R2
(5 0-GCC AGC CAC ACT TGG AGG TA-3 0), ex5F
(5 0-AAG GCA GAG AAG GAA GTG AC-3 0), and
ex5R (5 0-GTA GAT AGT GGC ACT TTT GGC-3 0).
The nucleotide sequences of the ampliﬁed fragments cor-
responding to the amino acid positions 148 to 185, 206 to
238, 268 to 320 was determined by direct sequencing.
2.6. Southern blot hybridization
Genomic Southern blot analysis and the estimation
of the gene number were performed as previously de-
scribed (Onishi et al., 2002). Genomic DNAs digested
with Eco RI and Bam HI or with Rsa I were blotted
onto a nylon membrane and hybridized with probes of
exon 1 or the 5 0 half of exon 5 of the L gene fragment,
respectively. A DNA fragment, the 3 0 half of exon 4 of
the S gene, was also hybridized to detect the S gene as
an internal marker to standardize the hybridization sig-
nals of L and M genes. The L gene fragments (Ar and
Rr), M gene fragments (Ag and Rg) and S gene frag-
ments (Ab and Rb) were detected on the Southern blots
of Eco RI- and Bam HI-digested genomic DNA (EcoRI/
BamHI blot) and that of RsaI (RsaI blot). The copy
numbers of the L and M genes from each blotting were
calculated according to the following formulae:
Copy number of the L gene estimated from the
EcoRI/BamHI blot = Ar 0/Ab 0/(Ar1082/Ab1082),
Copy number of the L gene estimated from the RsaI
blot = (Rr 0/Rb 0)/(Rr1082/Rb1082),
Copy number of the M gene estimated from the
EcoRI/BamHI blot = (Ag 0/Ab 0)/(Ag1082/Ab1082), and
Copy number of the M gene estimated from the RsaI
blot = (Rg 0/Rb 0)/(Rg1082/Rb1082).
Here, Ar 0, Ag 0, Ab 0, Rr 0, Rg 0, and Rb 0 represent the
intensities of the hybridization signals of the corre-
sponding band for each sample. Ar1082, Ag1082, Ab1082,
Rr1082, Rg1082, and Rb1082 represent those for the control
sample, #1082, that has a single L gene and a single M
gene, as revealed by the PCR-SSCP analysis. These cal-
culations were repeated 5 times for each blot and the
average values +/ standard deviations of copy number
are shown in Fig. 4E.
2.7. Electroretinogram (ERG) ﬂicker photometry
analysis
To measure the relative sensitivities to long- and mid-
dle-wavelength lights of the subjects, ERG ﬂicker pho-tometry was performed. Four subjects, #948, #1082,
#1083, and #1098 (named Lucky, Chik, Jiro, and
Aruku, respectively) from Sanwa Kagaku Kenkyusho
Kumamoto Primate Park were used in this study. These
subjects had been trained using a simple positive rein-
forcement technique to cooperate during injection. The
subjects were anesthetized with an intramuscularly in-
jected mixture of medetomidine hydrochloride (0.04–
0.06mg/kg) and ketamine hydrochloride (5–6mg/kg).
The pupil of one eye was dilated by the topical applica-
tions of tropicamide (0.5%) and phenylephrine hydro-
chloride (0.5%). Prior to the installation of the contact
lens electrode, the cornea was anesthetized by the topical
application of oxybuprocaine hydrochloride (0.4%). The
measurements were conducted using essentially the same
procedure as described in the previous paper (Hanazawa
et al., 2001). One eye of each animal was stimulated
using two types of light-emitting diodes (LEDs), which
peaked at 525nm (green) and 644nm (red). The light
from the LEDs was passed through two diﬀusers, there-
by providing homogeneous illumination of the eye. To
keep stable the adaptation state and avoid a transient ef-
fect of stimulus presentation, the eye was also illumi-
nated by a 5cd/m2 yellow background light (2.5cd/m2
green + 2.5cd/m2 red, consisting of the same colors as
those for the ﬂickering stimulus) throughout the experi-
ment, which was conducted in a dark room. Counter-
phase ﬂickers (30Hz) of the green and red lights were
then presented for 3s with 2-min intervals on the yellow
background. The green and red lights were presented as
square-wave pulses modulated with a 50% duty cycle
under two conditions. Under one condition, the lumi-
nance of the red light during the on-period was ﬁxed,
while that of the green light was varied over seven steps
(0–80cd/m2). Conversely, under the other condition, the
luminance of the green light was ﬁxed and that of the
red light was varied. Retinal responses should be mini-
mal when the eﬀective intensities of the varied and ﬁxed
stimuli are equivalent (equation point). All experimental
procedures were approved by the Animal Ethics Com-
mittee of Sanwa Kagaku Kenkyusho Kumamoto Pri-
mate Park and were in accordance with the Guidelines
for the Care and Use of Laboratory Animals (1996) of
the National Institute of Health.3. Results
3.1. Heterogeneity of the subjects
Heterogeneity of chimpanzee subjects was analyzed
by PCR-SSLP. The genomic DNA of 58 chimpanzee
subjects was analyzed with ﬁve microsatellite loci lo-
cated on Xq28 in human genome (Table 1). The primers
for human sequences worked suﬃciently on chimpanzee
DNA. The loci DXS8069, DXS8103, DXS8061,
1230 K. Terao et al. / Vision Research 45 (2005) 1225–1235DXS1073, and DXS8087 exhibited 5, 7, 2, 9, and 3 dif-
ferent alleles in the samples, respectively. Most of the
subjects exhibited haplotypes diﬀerent from each other.
Three pairs of uterine brothers bred in the Sanwa
Kagaku Kenkyusho Kumamoto Primate Park had the
same haplotype in the pairs. Other 3 pairs of uterine
brothers showed diﬀerent haplotypes. This indicates that
former brothers received the same X chromosome and
the latter brothers diﬀerent one from the mother. The
#1382, the grandson of #1376, in the Tama Zoo showed
the identical haplotype to #1376. This indicates that the
X chromosome of #1376 was transmitted to #1382. The
same haplotype was not observed in the subjects of a
family in the Tama Zoo. The total number of the hapl-
otypes in the subject was 45. Therefore, the number of
independent X chromosomes tested was estimated to
be between 45 and 54. The fact that the most of the
chimpanzees exhibited diﬀerent haplotypes indicated
that we analyzed a heterogeneous population although
origin of the chimpanzees are not precisely known and
some of them are bred in the zoo.
3.2. PCR-SSCP analyses
The L andM genes of chimpanzee #1082 were ampli-
ﬁed using appropriate primers and then the sequences
were determined (data not shown). The coding se-
quences of the L and M genes have 1095 nucleotides.
The L and M genes of chimpanzees are 97% and 96%
identical at the nucleotide and amino acid levels,
respectively.
We performed PCR-SSCP analysis to determine the
ratios of the L to M genes. We ampliﬁed the 5 0-ﬂanking
(Fig. 1A), exon 3 (Fig. 1B), and exon 5 (Fig. 1C) regions
using the primers indicated by arrows. The spectral sen-
sitivity of the pigments is largely determined by the ami-
no acids encoded by exons 3 and 5, and polymorphic
nucleotide changes are often observed in these regions.
We could discriminate L and M gene fragments by their
electrophoretic mobilities. We ﬁrst performed PCR-
SSCP analysis using cloned DNAs mixed at known ra-
tios as templates. By measuring the relative intensity
of the bands, we obtained the standardization curves
shown in Fig. 1D–F. The intensity ratio did not directly
ﬁt the copy number ratio, probably because the ampliﬁ-
cation eﬃciencies of the L and M gene fragments were
not identical. However, the copy number ratio was a lin-
ear function of the intensity ratio. It is, therefore, possi-
ble to estimate the copy number ratio from the observed
intensity ratio.
We then analyzed DNA samples of 58 male chimpan-
zees. Typical results are shown in Fig. 1G-I. The electro-
phoretic mobilities of the L or M gene fragments of all
subjects on SSCP gels were indistinguishable from each
other, which suggests that the nucleotide sequences of all
subjects are identical without polymorphic base substi-tutions. The ratio of the copy number was determined
by measuring the intensity ratios. The number of the
subjects versus L:M ratio determined in each region
was plotted in Fig. 1J–L. All 58 subjects were catego-
rized into 4 groups according to the results of L:M ratios
of three regions. The ﬁrst category (I) includes 53 sub-
jects. In this category, the L:M ratio was 1:1 in each re-
gion (Fig. 1G-L), suggesting that they have one L and
one M gene. The second category (II) is composed of
subject #948. The L:M ratio of the subject was 1:1 in
the 5 0-ﬂanking and exon 3 regions. In the exon 5 region,
#948 exhibited only the M gene fragment (Fig. 1I, lane
II). Therefore, subject #948 is predicted to have one nor-
malM and one hybrid opsin gene consisting of exon 3 of
the L gene sequence and exon 5 of theM gene sequence.
The third category (III) includes three subjects, #1385,
#977, and #1098. The L:M ratios of these subjects in
the 5 0-ﬂanking and exon 3 regions were 1:2, while that
in the exon 5 region was 2:1. These three subjects are
predicted to have one L, one M and one hybrid opsin
gene consisting of exon 3 of the M gene sequence and
exon 5 of the L gene sequence. The subjects #977 and
#1098 are uterine brothers whose microsatellite haplo-
type was identical. However, they have no relationship
to #1385. We consider that the #977 and #1098 are
the same origin while #1385 was not. The fourth cate-
gory (IV) is composed of only subject #971. In this sub-
ject, the L:M ratio was 1:2 in each region (Fig. 1J–L),
suggesting that he has one L and twoM genes. The sub-
ject #971 showed the same haplotype as that of #984.
The diﬀerence in the L and M gene arrays indicated that
they did not have any relationship. Therefore, we exam-
ined at least 46 independent X chromosomes.
3.3. Structure of the hybrid genes
To detect the hybrid genes and to determine their fu-
sion points, gene-speciﬁc PCR analysis was performed
(Fig. 2A and B). The subjects belonging to categories
II and III are considered to have hybrid genes. For sub-
ject #948, ampliﬁcation across intron 3 was observed
using primer pairs, ex3LF–ex4LR and ex3MF–ex4MR,
and ampliﬁcation across intron 4 was observed using
primer pairs, ex4LF–ex5MR and ex4MF–ex5MR.
Therefore, subject #948 has a normal M gene and a hy-
brid gene that has exons 1–4 of the L gene and exons 5
and 6 of the M gene (4R5G). In three subjects, #977,
#1098 and #1385, ampliﬁcation across intron 3 was ob-
served using two sets of primer pairs, ex3LF–ex4LR and
ex3MF–ex4MR, and ampliﬁcation across intron 4 was
observed using three sets of primer pairs, ex4LF–ex5LR,
ex4MF–ex5LR and ex4MF–ex5MR. Therefore, they
have a normal L, a normal M and a hybrid gene that
have exons 1 to 4 of the M gene and exons 5 and 6 of
the L gene (4G5R). For the subjects belonging to cate-
gories I and IV, ampliﬁcation was observed using
Fig. 1. PCR-SSCP analyses of L and M genes. Sequences of the 5 0-ﬂanking (A), exon 3 (B) and exon 5 (C) regions of L (upper line) and M (lower
line) genes. Nucleotide positions on the genomic (A) and complementary DNA (B and C) were numbered with respect to the transcription start site.
Dots indicate nucleotides identical to those of the L sequence. Hatched amino acids at positions 180, 277 and 285 are responsible for L and M
spectral tuning in human opsins. The position of each primer is indicated by an arrow. Asterisks (*) indicate the primer radiolabeled at its 5
0 end.
Standardization curves obtained by the SSCP using cloned DNAs mixed at known ratios as templates: the 5 0-ﬂanking (D), exon 3 (E) and exon 5 (F)
regions. Autoradiograms of SSCP gels of the 5 0-ﬂanking (G), exon 3 (H) and exon 5 (I) regions. Lanes L and M are the controls using cloned L and
M genes as templates. Only the result of each representative subject from 4 categories, #1082, #948, #1385, and #971, are shown in lanes I–IV,
respectively. Migration proﬁles and relative intensities forM to L fragments of other subjects were similar to those of the representative subject of the
same category in each region. Histograms of L:M ratios in the 5 0-ﬂanking (J), exon 3 (K) and exon 5 (L) regions. The scale of horizontal axes was
calibrated using standardization curves (D–F).
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ex4MF–ex5MR, indicating that there is no hybrid gene
(Fig. 2C).
3.4. Alignment order of the genes in the array
According to previous studies on human genes, it is
generally accepted that only the genes at the ﬁrst two
positions in the array are expressed in the retina and that
deuteranomaly occurs only if the L gene and L-like hy-
brid gene occupy these positions (Hayashi et al., 1999;
Winderickx, Battisti, et al., 1992; Yamaguchi et al.,
1997). Therefore, it is important to determine the align-
ment order of each gene in the array. The LCR and
CXorf2 gene (Hanna, Platts, & Kirkness, 1997; Wang
et al., 1992) resides on the 5 0 and 3 0 sides of the opsingene array, respectively. Using these unique sequences,
we ampliﬁed a region extending from the LCR to exon
5 of the 5 0-terminal gene and a region from exon 5 of
the 3 0-terminal gene to the 3 0 end of the array (Fig.
3A). Fig. 3B shows the sequences of the ampliﬁed frag-
ments of 58 subjects. All the samples showed either the
L or M gene sequence without any nucleotide substitu-
tions. In the subjects of category I, the 5 0-terminal and
3 0-terminal genes were the L and M genes, respectively.
In the subject of category II, the 5 0-terminal and 3 0-ter-
minal genes were the L/M hybrid gene and the M gene,
respectively. The subjects of category III have three
genes: normal L, normal M and the M/L hybrid opsin
gene. The results showed that the 5 0-terminal gene was
the L gene, and exon 5 of the 3 0-terminal gene had the
L gene sequence. Therefore, the only alignment of the
Fig. 2. Gene-speciﬁc PCR across introns 3 and 4 to detect the hybrid genes. Diagrams showing the L (upper line) andM (lower line) gene sequences
of exons 3 and 4 (A), and exons 4 and 5 (B), respectively. Dots indicate nucleotides identical to those of the L sequence. Arrows indicate the position
of speciﬁc primers. (C) Ampliﬁed DNA fragments of intron 3 (upper panel) and those of intron 4 (lower panel). Representative results using DNA
samples (#1082, #948, #1385, and #971) from each category are shown. DNA fragments were ampliﬁed using a combination of primers indicated
above the gels.
Fig. 3. Long-range PCR analysis. (A) Strategy for long-range PCR and nested PCR. Topmost is a map of the opsin gene array consisting of L (solid
arrow) and M (open arrows) genes. Vertical bars with asterisk (*) delineate the repeat units of the array. The gene array is ﬂanked on the 5
0 and 3 0
sides by unique sequences denoted as dotted lines. Below the array, regions ampliﬁed using primers FL and ex5R, and 3C and 157, respectively are
shown. The solid box represents LCR and the numbered open boxes represent exons. The exons 3, 4 and 5 of the 5 0-terminal gene, and the exon 5 of
the 3 0-terminal gene were ampliﬁed by nested PCR followed by direct sequencing. (B) Sequences of the 5 0- and 3 0-terminal genes in 58 subjects. L and
M indicate that the sequences were identical to those of the L and M genes of #1082, respectively. (C) Summary of the L and M gene arrays of 58
subjects. The 4R5G and 4G5R hybrid genes are illustrated as fusions of a solid and open, and open and solid arrows, respectively. The predicted color
vision for each array is shown on the rightmost column.
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genes. In the subject of category IV, the 5 0-terminal gene
was the L gene. Accordingly, the following two genes
are determined to be the M gene. The gene arrays of
the 58 subjects are summarized in Fig. 3C. In categories
I, III, and IV, the ﬁrst two positions of the array wereoccupied by normal L andM genes. Therefore, the color
vision of these categories was predicted to be normal.
The array of subject #948 (category II) suggests that
the color vision of this subject is protanomaly because
the 4R5G pigment shows an M-like absorption spec-
trum (Nathans, 1999; Onishi et al., 1999).
Fig. 4. Quantitative genomic Southern blot analysis. Partial restriction
maps of L (A) and M (B) genes. Ar and Ag are EcoRI(E)/BamHI(B)
fragments derived from L and M genes, respectively. Rr and Rg are
RsaI(R) fragments derived from L and M genes, respectively.
Numbered solid and open boxes indicate the exons of L and M genes,
respectively. DNA samples from representative subjects #1082, #948,
#977, and #971 from each category were analyzed. Blots digested with
EcoRI/BamHI (C) and RsaI (D) are shown. Ab and Rb are fragments
identiﬁed on the EcoRI/BamHI and RsaI blots, respectively, using the
3 0 half of exon 4 of the S gene as a probe. (E) The values indicate the
average +/ standard deviation of the copy number obtained from 5
independent blots.
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We conﬁrmed the number of L and M genes in the
array of the representative subject from each category
by quantitative genomic Southern blotting. As to cate-
gories I and III, the DNA samples of subjects #1082
and #977 were examined, respectively. The copy num-
bers of the L and M genes were estimated as previously
described (Fig. 4E) (Onishi et al., 2002). As a result, sub-ject #1082 has one L and one M gene. Subject #948 has
one L/M hybrid and one M opsin gene. Subject #977
has one L, one M and one M/L hybrid gene. Subject
#971 has one L and twoM genes. These results are con-
sistent with those from the PCR-SSCP analysis.
3.6. Decreased relative sensitivity to red light only in
category II
To conﬁrm the phenotype of subjects, electroretino-
gram analysis of relative spectral sensitivity was per-
formed. The results of subjects #1082, #948 and
#1098 from categories I, II, and III, respectively are
shown in Fig. 5. In #1082 and #1098, the minimum
amplitude for equation point was obtained at 20cd/
m2 of green light when red light was ﬁxed at 20cd/m2
(Fig. 5A and C), and the minimum amplitude for the
equation point was obtained at 20cd/m2 of red light
when green light was ﬁxed at 20cd/m2 (Fig. 5D and
F). This result indicates that equiluminant red and
green lights had the same eﬀect on these subjects; in
other words, the red/green (R/G) sensitivity ratio was
approximately 1:1. In #948, the equation point was
5cd/m2 of green light when red light was ﬁxed at
20cd/ m2 (Fig. 5B), and the equation point was 20cd/
m2 of red light when green light was ﬁxed at 5cd/ m2
(Fig. 5E), indicating that the R/G sensitivity ratio was
0.25:1. The results for #1083 were the same as those
for #1082. We concluded that the relative sensitivity
to red light in #948 was one-fourth that of the normal
subject (category I), and that of category III was the
same as that of the normal subject. These results are
consistent with the predictions obtained by molecular
genetic analysis. We further proved the protanomaly
phenotype of #948 by the behavioral experiment (Saito
et al., 2003).4. Discussion
We investigated 58 male chimpanzees for the L and
M gene loci together with microsatellite locus polymor-
phism. Although the origin of the subjects is not pre-
cisely known, microsatellite analysis revealed that they
are highly heterogeneous. We found, for the ﬁrst time,
a protanomalous subject among them. The frequency
of color vision deﬁciencies in human males is between
2% and 8% (Mann & Turner, 1956; Pokorny et al.,
1979; Sharpe et al., 1999). Assuming that the number
of independent X chromosomes tested is between 45
and 54 in our study, the frequency in chimpanzees
(1.9–2.2%) is lower than these values. A statistical signif-
icance was not observed because of the limited number
of subjects. If we include the number of chimpanzees
investigated previously (Essock, 1977; Grether, 1940a,
1940b; Jacobs et al., 1996; Matsuzawa, 1985; Yerkes,
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Fig. 5. ERG ﬂicker photometry analysis. The results of representative subjects #1082, #948 and #1098 from categories I (A, D), II (B, E) and III (C,
F), respectively, are shown. Each panel plots amplitudes of the retinal responses against the varied luminance of the green (A–C) or red (D–F) light
while the luminance of red or green light was ﬁxed at 20cd/m2 in A–D and F, and at 5cd/m2 in E. The R/G sensitivity ratio was about 1:1 in #1082
(category I) and #1098(category III), while it was 0.25:1 in #984 (category II).
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color vision deﬁciencies in chimanzees would be lower
than this value.
Concerning the polymorphism in the copy number of
the genes, a high frequency of human males possessed
more than two opsin genes, including the L, M, and hy-
brid genes (Deeb et al., 1995; Drummond-Borg et al.,
1989; Hayashi et al., 2001; Jørgensen et al., 1990). How-
ever, only subjects #977, #1098 and #1385 in category
III (the former two are uterine brothers), and #971 in
category IV had more than two L and M opsin genes
among the 58 male chimpanzees. The frequency of chim-
panzees with multiple opsin genes is approximately 6%.
The frequency of genotypes with multiple genes in hu-
man males is signiﬁcantly higher than that in male chim-
panzees (p < 0.01; Fishers exact test).
Regarding the sequence diversity in the coding re-
gions of the L and M genes, multiple polymorphic sites
have been reported in humans (Deeb et al., 1995; Hay-
ashi et al., 2001; Nathans et al., 1986; Winderickx, Bat-
tisti, Hibiya, Motulsky, & Deeb, 1993). Among these,
Ser-to-Ala substitution at amino acid 180 of the L gene
is very frequent (Winderickx, Lindsey, et al., 1992).
Some polymorphic sites were also reported for chimpan-
zee genes (Deeb, Jørgensen, Battisti, Iwasaki, & Motul-
sky, 1994; Dulai et al., 1994). However, from sequence
analyses of exons 3, 4 and 5 of the L genes, polymorphic
nucleotide changes were not observed. The frequency of
Ser-to-Ala substitutions at amino acid 180 of the L gene
in human male is signiﬁcantly higher than those in malechimpanzees (p < 0.01; Fishers exact test) (Deeb et al.,
1995; Hayashi et al., 2001; Winderickx et al., 1993).
We found that the relative sensitivity to red light in a
protanomalous chimpanzee was one-fourth that of the
normal subject (category I), and that of category III
was the same as that of the normal subject. These facts
were consistent with the predictions obtained by molec-
ular genetic analysis and our previous behavioral exper-
iment (Saito et al., 2003). Our ERG ﬂicker photometry
was done not by continuous adjustment of light inten-
sity but, rather, in somewhat coarse steps as seen in
Fig. 5. This was necessary to reduce the experimental
time for chimpanzees under anesthesia. Because of this,
strictly speaking, our measurement might be slightly
inaccurate. However, since the diﬀerence between the
normals and the protanomalous animal is quite large
this slight inaccuracy must not be critical.
In conclusion, we have found that a protanomaly does
exist in chimpanzees. However, it has becomemore prob-
able that the higher degree of polymorphism of L andM
gene loci among humans, compared to other Old World
primates, is likely to have accumulated speciﬁcally in hu-
mans after our lineage split with the other apes.Acknowledgments
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